Ny

N4

A

M
Ao 2. e

{CODE)
(CATEGORY)

Nﬁgngg
(ACCESS/IQMUMEIERI
§

x09 HYO4 ALlHovg

. CORTRACT HO. HAS3-2533

HASA DOCURENT HO. CR-54349
6F DOCUMEHT KO. 65504296 (VOL 1)
GF DOCUMENT NO. 65504297 (VOL 2} K

GE DOCUMENT HO. 65504298 (YOL 3)

RAVIGATOR
STUDY OF ELECTRIC PROPULSION
FOR
URPAANNED SCIENTIFIC PAISSIONS
VOLUME 3
SPACECRAFT PERFORMANCE

AND SUMMARY

Prepared For
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
LEWIS RESEARCH CENTER
21000 BROOKPARK ROAD
CLEVELAND, OHIO

AT gy, e 9 A £ o
LIBLIY7 canw
S

5 r’ x ® 5
mwgéﬁ,“mg o

P
o i Py

i

15 JULY 1965

g

GENERAL &) ELECTRIC

MIGSSILE AND SPACE DIVISION



CONTRACT NO. 11A53-2533 KASA DOCUMENT HO. CR-54349
GE DOCUBENT HO. 65504296 (V0L 1)
GE DOCUMENT O. 655B4297 (VOL 2)
GE DOCUMENT MD. 655D4298 (VOL 3)
RAVIGATOR
STUBY OF ELECTRIC PROPULSIC
FOR
UNRARKED SCIENTIFIC RISSIOH
VOLURME 3
SPACECRAFT PERFORMAMNCE.

ARD SURRIARY

H

ﬁ?

Prepared For
NATIONAL AEROMAUTICS AND SPACE ADMIMISTRATION
LEWIS RESEARCH CENTER
21000 BROOKPARK ROAD
CLEVELAND, GRIO

Astn: HUCLEAR POWER TECHKOLOGY BRAKCH

ROBERT J. DERINGTON
TECHNICAL MANAGEMENT

Approved by: /L/ -5 g T
H. Brown, Manager
Mission Analysis and Evaluation

P s

Approved by: éﬁ / f‘«:ffﬁ%

B. J Tharpe Péogram Manager

/" &fﬁ; («-m et B e

I‘ Wldmer, Manager
Advanced Nuclear Programs

2

Approved by:

7
,L{;, ‘
Approved by: ¢ & a4

E. Ray, ManegEF™"

Advanced Nuciear Systems Engmeermg

GENERAL (7o) ELECTRIS

FMISSILE AND SF‘ACKE DIVISIORN



NOTICE

‘This report was prepared as an account of Government-sponsored
work. Neither the United States nor the National Aeronautics and
Space Administration (NASA), nor any person acting on behalf of
NASA: '

A) Makes any warranty or representation, expressed or implied
with respect to the accuracy, completeness, or usefulness of
the information contained in this report or that the use of any
information, apparatus, method, or process disclosed in this
report may not infringe privately-owned rights; or

TiAaiTiesmn e ds] ~~d ey
B) Azsumes QNY 218008 E Wil TOEREC 1o the uss UL, UL 1ug

damages resulting from the use of any information, apparatus,
method or process disclosed in this report.

As used above, '"person acting on behalf of NASA" includes any
employee or contractor of NASA, or employee of such contractor,
to this extent that such employee or contractor of NASA, or em-~-
ployee of such contractor prepares, disseminates, or provides
access to, any information pursuant to his employment or contract
with NASA, or his employment with such contractor, -
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1, INTRODUCTION

This Topical Report presents the results of studies performed by the General Electric
Missile and Space Division during the nine month extension of Contract NAS 3-2533, Study
of Electric Propulsion for Unmanned Scientific Missions. Five reports* were issued in
the original contract under the title of Research on Spacecraft and Powerplant Integration

Problems.

This program, "NAVIGATOR," was initiated by GE-MSD under contract to the NASA Lewis.
Research Center. The program objective is to determine requirements for the nuclear-
electric power generating systems required in the NASA unmanned scientific probe missions
throughout the solar system, which are beyond the capabilities of the presently envisioned

chemical rocket propelled vehicles.

In the original contract, consideration was given to vehicles poweredby advanced nuclear
powerplanis dand thrusiers that began eieciric propulsion from earth orbit or at escape velo-
city. In the contract extension, consideration is given to earlier powerplants with modest
technology requiremerts that are launched toescape and beyond to reduce the trip time.
Thus, the two studies combine to span a large spectrum of nuclear clectric propelled vehi-

cle capabilities.

The results obtained in the current nine month study extension are presented in three

volumes, These are:

. 63SD760, First Quarterly Report, 26 April to 26 July, 1963;

.

635D886, Second Quarterly Report, 26 July to 26 October, 1963;
64SD505, Mission Analysis Topical Report, February 26, 1964;

°

64SD700, Third and Fourth Quarterly Report, 26 October 1963 to 26 April, 1964; and

m»{k‘wwr—a

64SD892, Spacecraft Analysis Topical Report, July 24, 1964, NASA Document
CR-54159, '

1-1
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" 353;9..’29-}; - Volume 1 (CR-54324) encompasses the mission analyses, It describes
the analytical techniques applied in the analyses; it presents the vehicle and power-
plant requirements in terms of trip time, power level, and payload for optimum
orbiter and flyby missions as accomplished by electrically propelled spacecraft;
zmd it presents the payload and trip time capabilities for chemical and chémical

plus nuclearly propelled spacecraft for the same missions.

¢ Volume 2 - Volume 2 (CR-54348, Classified CRD) compares first generation
nuclear powerplants based upon an uprated SNAP-8 Meréury/Rankine Cycle, the
Brayton Cycle, and the Potassium/Rankine Cycle power systems. The compari-
son shows that only the Potassium/Rankine system can result in a powerplant of
sufficiently low weight to competitively accomplish a useful scientific mission.

Payloads for the vehicles and operating modes for the powerplants are discussed.

e  Volume 3 - the present Volume (CR-54349) relates the mission reqﬁiremen’cs
described in Volume 1 to the power system/vehicle capabilities discussed in
Volume 2, It thus defines those missions that can be accomplished with power~
Diants oI DOLh €eariv ang rorseeanie T,ecnnomgy ana 1t COIH_D.aI‘QS e capapiiiies Or
nuclear electric propelled spacecraft with those of chemically propelled spacecraft

and with those of chemical plus nuclear rocket propelled spacecraft.

The results show that there are useful scientific missions that can be accomplished more
advantageously with nuclear electric vehiclés of even modest specific weights than with
vehicles utilizing either all chemical or chemical plus nuclear rocket propulsion. A process
of orderly development is, therefore, available whereby the early powerplants can be used
for the near planet missions and the experience gained in these applicu.ions used to decrease
powerplant specific weights. These improvements will provide power of less than 30 1b/KWe

as required for more difficult planetary exploration.



2, SUMMARY

This section summarizes the results presented in Volume 1 and 2 in addition-to the summary

comparison of spacecraft performance described in this volume.

2.1 VOLUME 1: MISSION ANALYSIS

The Navigator mission studies previously reported were concerned with the capabilities of
advanced nuclear powerplant and thruster technology. These studies involved the investiga-
tion of planetary orbiter missions to each of the planets of the solar system except Mars and
Venus, a solar probe, and an out-of—the—eciiptic mission. Payload requirements for pro- ‘
viding planetary and satellite soft landing capsules, high resolution radar, television, and a
number of sophisticated scientific experiments were identified and assumed for each of the
NAVIGATOR missions. The studies were limited to the use of a single chemical propulsion
sfage beyond orbit and, in general, used a propulsion-coast-propulsion profile for the
nuclear-electric phase of each mission. Although the results illustrated the suitability of a
L IV puwoapiant fur 40USL UL LIG IV VIUA LU IASSIULS LUVESWRELEU, DIODULSIONn requlre-
ments rang‘ing from 3000 to 25, 000 hours werc. obtained with coasting requirements up to

20,000 hours. Only three of the missions investigated could be performed within 10, 000

hours of propulsion,

The present study considers an '"Early-technology" powerplant invoiving powerplant specific
weightsup to 70 1bs/kwe, power levels of 100 to 400 kwe, and operating lifetimes up to

15, 000 hours. Planetary fly-by missions are considered in addition to the previous orbiter
missions. The number of initial chemical propulsion stages is increased to two stages to
provide a maximum high thrust characteristic velocity of 40, 000 fps as a means for reduc~-
ing both propulsion time and trip time requirements. The mission profile is altered to in-
clude only a single continuous electrical propulsion period as a means of eliminating the
long intermediate coast period between the two periods of operation at full power. The
scbpe of the study is expanded to consider the effects of variable gpecific impulse operation
and to obtain chemical and nuclear propulsion mission capabilities with which to compare

the above nuclear-electric propulsion results.

2-1



5.1.1 YPACECRAFT PERFORMANCE
g present study develops a set of generalized performance characteristics which can be
smed 4o obtain low thrust propulsion requirements for the heliocentric phase of optimum
sty -by and orbiter missions inthe solar system. These data are used as the basis for |
gj%;@r:aﬁng a series of mission performance maps for each of the NAVIGATOR missions.
r%ege maps show the variation in mission payload capabilities for each mission as'a func-
ricm of total trip time and powerplant specific weight, Auxiliary parameters displayed on
ihese maps include propulsion time, power rating, specific impulse, and rocket character-

tatic velocity., Comparable data is presented, for each mission, illustrating the perform -

snce capabilities of chemical and nuclear propulsion for the NAVIGATOR type missions.

3.1.2 FLYBY MISSIONS

Fiy-by performance data is given for the solar probe, Meréury, Asteroid, Jupiter, and
Saturn missions for the Saturn 1B booster and an electric propulsion stage. These data are
based upon the use of the SIB to earth orbit and nuclear-eleciric nronulsion from earth orhit.
The solar probe and Mercury fly-by data assumes a minimum ion engine specific impulse of
3, 000 seconds and cover a propulsion time range of 1, 000 to 5, 000 hours. Attractive pay-
loads are obtained for the Asteroid probe and the Jupiter fly-by for the complete range of
powerplant specific weights with less than 15, 000 hours propulsion time. The Saturn fly-by,
on the other hand, requires in excess of 20, 000 hours.pro.pulsion time with powerplant specific
welghts of 50 Ib/kw or greater. It represents, therefore the limiting case for application

of the Saturn 1B to the NAVIGATOR missions,

Performance data is repeated for the Saturn, Uranus, Neptune, and Pluto fly-bys and Out-
of-the-Ecliptic-Probe with the Saturn 5 booster and an additional one to two stages of high
thrust propulsion, These data are shown for operation at 10, 000 and 15, 000 hours propul -
#lon time, The trip time requirements for these missions range from 10, 000 to 38, 000

hours and the optimum specific impulse from 4, 000 to 7, 500 seconds.

* Optimum is defined as maximum payload at a given trip-time.

B



2.1.3 ORBITER MISSIONS

Orbiter performance data is shown for the Saturn V booster with one or two stages of high
thrust propulsion, A minimum specific impulse of 3000 seconds is used for the Mercury,
Venus, and Mars orbiters. Propulsion time requirements for these missions range from
1, 000 to 5, 000 hours. The optimum specific impulse ranges from 3, 000 to 16, 000 seconds
for the remaining orbiter missions. The corresponding propulsion times are 4, 000 to

30, 000 hours.

2.1.4 VARIABLE SPECIFIC IMPULSE

Investigations of the effects of variable specific impulse showed a 10% performance
improvement for impulse variations of 10 to 15% for the relatively easy fly-by and orbiter

missions. This improvement disappears for the more difficult missions,

2.2 VOLUME 2: COMPARISON OF NUCLEAR POWER SYSTEMS

Tin Y7ATvsamn T MR2TYY mnaa ~ a3 3 O
FESN ¥ A ALerir R R

vmn mdanl o Aok — ce AT e . -
Lis gy PO WLII0UL FU UALA LG PLUVIUCU LUl s LA ULl CQUInpuUeniLEs ol

the three nuclear power systems listed below:

. An up-rated SNAP-8 Power System,
. A two-loop Brayton Cycle Systém with a NaK cooled, Uranjum carbide
fueled reactor, and

A three-loop Potassium/Rankine Cycle System with the same reactor.

These data cover the range of power levels from 40 to 406 KWe and a wide range of power
system operational conditions. Each major subsystem or component is examined separate-
ly and the weights determined are used to provide reliable estimates of total powerplant
weight. At equivalent technologies, the weights for the three system are compared, includ-
ing consideration of operational factors. The system weights and operating conditions are
based on a conservative level of "first-generation" technology for nuclear systems., In

particular, temperatures are limited to those that are compatible with non-refractory

metals, moderate component efficiencies are assumed, presently fabricable radiator
2-3



d, NaK is the reactor oéolant, and reactor temperature is limited to

s d BRTEY UBC
. -« thoge of SNAP-50. These conservative conditions yield powerplant specific

AL

it Rl L

g ©gher than the 20 to 30 1b/KWe usually determined; however, the weights are likely
PRI oo At _
v ap s for the »first-generation'' powerplants.

s ¥UUELED REACTOR

ied, uranium carbide fueled reactor provides a maximum coolant outlet tem~

s50°F and an energy output of 14, 000 MW-hr with the minimum size reactor,

A oL T . -
e TR S

i oA ¥
TR T DN I

»-tor is burnup limited and the core size must be increased for greater outputs.

5 ¢ & 7l nLD WEIGHT
soond we o his were determined for a range of reactor sizes, power levels, operating

b Sl «3.iirg angles, payload dose and payload separation distances. Generally, in

Mo eRmE g, L0

w4 BULCHWLLG DPAGOUL dity WIC SULELU LS LU W &070 UL LWIE L0l DUWELDLAIL WELRILL,

&t % IR CONDITIONING

ewing 18 evaluated for the MHD Arc jet, the contact ionization, and the Elec-

e D denent eleetric propulsion engines. These engines can provide specific im-
o W teftudred range of 2500 to 7000 seconds, The specific weight of the power

# =eadpment ranges from 1 to 3 Ib/KWe in inverse relationship to the specific

" ¥EN EYSTEM COMPARISON

S v s R MR wrenrd b p 3 i i
v suxiliary cooling, reactor, power conversion system and primary and

T e e - s . .
® were examined for all three power systems. Based on an examination
-7 iemperature limitations and the state of development, the weight of

SRS ;x:«’{f!‘?!ﬁ.nt can be defined with the result shown in Figure 2,2-1,
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In the comparisons, the Potassium/Rankine system is evaluated to be equivalent ov superi-
or in all respects except that the power conversion equipment for the Brayton Cycle system
is likely to be less difficult to develop and the gas radiators are not susceptible to freczing,
On this latter point, howcver, it may be necessary to substitute a segmented and redundant
liquid metal radiator for the gas radiator in order to obtain high reliability. Therefore,
this apparent advantage may not, in fact, be present. The advantages of the Potassium/
Rankine system (smaller radiators that result in case of iﬁtcgrution, fixed radiator con-
struction, and lower specific weight) more than balance the advantages of the gas power
conversion cquipment and, consequently, the Potassium/Rankine power systems is evalu-

ated to be nearest optimum for the NAVIGATOR missions.
2.2.5 POWER SYSTEM DESIGN

For the Potassium/Rankine Power System, consideration is giyen to the launch and initial
stari-up, tuieiiods of shutdown and restart, aud to incthuds of Providing clocirical puwer
during the coast periods of the NAVIGATOR missions. The problem of maintaining the
liquid metal systems, especially the radiators, in a liquid state prior to start-up and during
the coast period is particularly important. This examination indicates that the following

features will be required in the powerplants:

. The radiators will be thermally shrouded at launch and for the first start-up.
However, in further power reductions, radiator temperatures will be maintained

above freezing by rejection of reactor heat.

A chemical auxiliary power unit sufficient for start-up and a 10 hour "wait" period

prior to start-up will be required.

. During the coast periods of both the orbiter and {flyby missions, the reactor will be
operated at low power and reactor energy will be transferred to the radiators via

an auxiliary heat exchanger loop to prevent radiator freeze-up.



The auxiliary loop will include thermoelectric converters to produce several kilo~
watts of power. This is sufficient for "house-keeping" power and for minimum

communications with earth.

. The power system for flyby missions will include re-start capability for either a

"dry" or a "wet" start-up.
The operational sequence for the flyby missions is:
~  Launch and "hold" for 10 hours,
-  Start-up and operation at full power for propulsion,

-  Shutdown of the dynamic system with continued reactor operation at low
power and with electrical power generation via the thermoelectric con-

verters during coast, and,

T3 A em o an
Es

Catart - the dynamic power couversion sysiem for payload power,
The operational sequence for the orbiter missions is:

- Laugnch and "hold' for 10 hours,

- Start-up and operation at low power with electrical power generation via

the thermoelectric converters during coast, and

-  Full power operation with the dynamic system for propulsion followed

by payload power.

Example designs for Potassium/Rankine Powerplants were prepared for power levels of

160, 240 and 320 KWe to coufirm the validity of the parametric evaluations and to illustrate



the characteristics of powerplants over the power range of interest. The powerplants are
designed to mate with the 260 inch diameter S-IV-B stage of the Saturn V vehicle. The

mwefplzmts package within the available payload envelope with ease, allowing more than

adequate space for the payload.
2.2.6 SCIENTIFIC PAYLOADS
The NAVIGATOR payloads include:

Landing Capsules

s

- Surface landing capsules for the small planets and the large satellites
-  Atmospheric probes for the major planets.
Orhiter Scientific Instrumentation

-~  Field and Particle Detectors
- TV and Optics
- Radar

"In-transit" Scientific Instrumentation
-  Field and Particle detectors

-  Solar and cosmic spectra

. Communications and Data Handling Equipment

2
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There an extremely large number of scientific measurements that can desirably be made in
the planetary and solar environments with instruments of modest weight (a few pounds) and

with modest power requirements (1 to 50 watts per experiment).

Consequénﬂy, instrument packages 6f a few hundred pounds and requiring a few hundred
watts of power can accomplish a significant mission. For maximum benefit, however, this
package must be delivered to a planetary or satellite surface which will require 2000 to
4000 pounds of additional weight, and the data must be communicated to Earth which will

require 10's to 100's of kilowatts of power.

Additionally, experiments that involve visual images (e.g. television or radar pictures) of
the outer planets require payloads of thousands of pounds and power levels of tens of kilo-
watts. With adequate power, any total payload capability can be utilized to provide in-
creased reliability through redundancy of experiments, to provide additional experimental
sophistication, and to provide additional communications capability. This latter capability
is particularly important for the outer planet missions in which.the Navigator will likely

find application.

Designs for typical payloads covering the range of 3, 000 to 12, 000 pounds were prepared
and various methods of deploying the payl_oad from the power systeni were considered., The
payloads are designed to interface with any of the three Potassium/Rankine Powerplants,
thus providing interchangeability between payloads and powerplants. Typical combinations
of Powerplant and Payload for the NAVIGATOR missions are shown in Figures 2, 2'—2 and
2,2-3. A 160 KWe poWer is shown with a 3, 000 pound payload in Figure 2,2-2 and a 240
KWe system is shown with a 12, 000 pound payload in Figure 2.2-3, It is possible to inter-
change the power systems and the payloads to meet the power/payload requirements of the

various mission.

2.3 VOLUME 3: SPACECRAFT COMPARISON

As showﬁ by the summaries given above, Volume 1 deseribes the payload capabilitics for

the all -chemical and chemical -plus-nuclear rocket propulsion systems. It also preseunts

the payloads for electric propulsion vehicles with powerplants of various specific weights.
2-9
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Volume 3 algo examines several potential methods by which the pei'foi*mance of electric

propulsion vehicles may be improved. These include the:

Use of two optimum electric propulsion periods after the vehicle is launched

beyond escape by the multistage S-V, and
. Use of a nuclear rocket stage in conjunction with the electric propulsion vehicle,

Both of the mission modifications result in significant improvements in trip time, operating

time, and/or payload,
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"3, VEHICLE PROPULSION SYSTEMS

3.1 RELATION OF NON-ELECTRIC AND ELECTRIC PROPULSION VEHICLE PAYLOADS

In the comparison of payload capabilities, it is necessary to relate the gross payload* of
the chemical or chemical plus nuclear rocket vehicles to equivalent payloads for electric
propulsion vehicles, This is necessary because in the electric propulsion vehicles (EFV),

the propulsion power system can be used for payload power,

It is also ‘necessary to determine the minimum gross payload that is required to delivei' the

minimum acceptable scientific payload,
3.1.1 PAYLOADS FOR "FLYBY" MISSIONS

To adjust Non~-EPV gross payloads for the inclusion of a power system, a minimum scienti-
fic payload and communications requirement is defined, Volume 2, Section 5, shows that a
scientific instrument package ot at least 480 pounds will be required 1or the '"n~fransiv’ and
the planetary scientific sensors, The data output of these insfzruments can vary widely de-
pending upon the particular experiments, If either radar or TV systems are included, the in-
formation rate will be 10° to 107 bits/sec; whereas for other types of experiments, the in-
formation rate may be as low as 2 x J.O-3 bits/sec**, The higher rate will favor the EPV
vehicles as many kilowatts of power will be required; however, to assure a conservative

comparison, the lower data rate is assumed,

*Gross payload is the total delivered weight exclusive of the propulsion system, The net
payload is that available for scientific experiments after allowance for structure, guidance
and control, stabilization, communications,' power and other necessary subsystems,

**11Yoyager Spacecraft System Study', General Electric Company, Missile and Space

Division, August 1964, Document No., 64SD933,
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Assuming that the Deep Space Information Facility will be available only 2 hours per day,

a minimum communications rate of 24, 000 bits/sec will be required for a single transmittal
of ihe data generated by the scientific instruments, Figure 5.3-1 (Volume 2, CR-54348) indi-
cates that a power input of 10 KWe will be required for this communications rate from Sa-
turn with a 20 foot diameter sending antenna, Figure 3.1-1 indicates that a 10 KWe power
system will weigh about 4600 pounds and the relationship shown in Table 3.1~1 is obtained

between EPV and Non-EPV for Saturn,

Table 3.1-1 Flyby Payload for Saturn

Electric Propulsion Non-Electric
Vehicle Propulsion
Vehicle
Scientific Instruments, lbs. 480 480
Power System, lbs, — 4600
Equivalent Payload Weights 489 1bs. 5080 Ibs,

The 480 pound and 5080 pound payloads provide equivalent scieﬁtiﬁc information; however,
neither of these payloads is suﬁiéient for the mission, - Additional payload is required for
at least the 20 foot diameter communications antennas (350 pounds), for the communica-
tions transmitters (15 Ib/KWe), for high temperature payload cooling (8 Ib/KWt), for
guldance and stabilization systems (500 1bs.), and fof structure (10% of gross payload).
This additional equipment Vresults in the minimum total payioad weights shown in Table

| 3.1-2, The payloads of 1710 pounds and 6820 pounds are the minimum necessary to sup~
port the 480 pounds of scientific instruments delivered by EPV and Non-EPV, respectively.

The results for the other planetary Flyby missions are given in Table 3,1-2 also,

The disparity between payloads for EPV and Non-EPV reduces with increased payload size
as shown by Figure 3,1-2, This figure relates gross Non-EPV payload to equivalent EPV
payload, The beginning point for each planet is the minimum payload given in Table 3,1-2,
The decreased disparity of payloads is a result of the proportionate increase in payload and
communications weight for both types of x}ehicles, the relatively small increase in power

system weight for the Non~-EPV vehicles and the overshadowing of the guidance and stabili-

#ntion system weight,
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Table 3.1-2 Minin

Pluto

350

Communications Seientific Guidance & Communication Cc
Planet Power, KWe Instruments Stabilization Antenna !
" Mercury, 0,1 480 500 350
Solar Probe,
Out-of-the-
ecliptic
Asteroids 1,0 480 500 350
Jupiter 3 480 500 350
[ o PN S, 1N AON R ~Y5Y3) arn
| Soturn i ° oEn
Uranus 30 480 "500 350
Neptune & 100 480 500

[N



,1-2 Minimum Payloads for Flyby Vehicles
Weight, Lbs,
Equivalent
Non-Electric Electric
Propulsion Propulsion
High Vehicle Vehicle
ion, Communication Temp, Power Payload Payload
? Transmitter Cooling System Structure Weight Weight
30 10 30 150 1,550 1,520
30 10 300 190 1,860 | 1,520
45 18 1,500 320 3,210 1.540
1 ‘l 156 55 -':‘:,CCO gon f 6,820 ] 'I"I'HE
450 180 6,500 940 9,400 2,180
1,500 600 8,200 1,290 12,920 Lbs. 3,770 lbs.




EQUIVALENT PAYLOAD FOR ELECTRIC PROPULSION VEHICLE, LB
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Figure 3.1-2. Relation of Gross and Equivalent Payloads for Flyby Missions
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o gmall disparity for the mercury, solar probe, and ouﬁ«-ofnthe-eclyx)tic missions could
. signiffcantly increased if radar is included in the payload or if a higher communication

saoge §8 pECESSATY,

o minimum payload weights given in Table 3,1-2 can be combined with the gross payload
«apubilities of Non~-EPV to give the result shown in Figure 3.1-3 and 3,1~4, In Figure

% 1-3, the minimum payloads define an operational area of exclusion on the gross payload

i which the all chemical, high thrust propulsion system cannot deliver the minimum pay-

isad package for the 5 x 168 mile solar probe., However, the payload is more than adequate
_fur the other probes and minor planet flybys., Figure 3.1-4 shows the similar relationship
‘far the major planet Flyby missions, The Saturn IB is adequate for the Jupiter mission al-

though the trip time can be reduced significantly with the Saturn V all chemical vehicle,

‘The Saturn and Uranus missions require the Saturn V all chemical system and the Pluto and

Uranus missions require the Saturn V vehicle with a nuelear rocket stage to obtain near

reasonable trip times with adeguate payloads,

Figure 3, 1-2 can be used to convert the gross Non-EPV payload weights given in Volume 1
Lo ocquivalcnt EPV payioads with iie resuit snown in kigures 3, 1~5 and 3,1-6, These pay-

leads can be compared directly with those given for the electric propulsion vehicles,
3.1.2 PAYLOADS FOR "ORBITER" MISSIONS

The technique used to relate Non-EPV and EPV payloads and to determine minimum pay-
Irads for the "Orbiters' is similar to that used for the Flyby missions, However, since
the “Orbiters' will be in close proximity to the target planet for a much greater time and
“re expected to provide more useful information on the planets and their satellites, the
weinimum scientific payload is increase‘d from 480 pounds to 3655 pounds, This allows the
inziusion of a soft-impact landing capsule (2600 pounds)* and a hard-impact atmospheric

frobe (575 pounds),

*"Hesearch on Spacecraft and Powerplant Integration Problems'", General Electric Company,

*lissile and Space Division, Feb, 1964, Document No. 64SD505,
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The data produced by the short-lived atmospheric probe can be stored aboard the vehicle

and fransmitted to earth at a convenient rate; however, the 165 pound "Lander" instrument
package will produce information continuously at a rate of about 103 bits/sec., This informa-
tion plus the 2 x 103 bits/sec produced by the4480 pounds of vehicle scientific instruments,
will require a minimum communications rate of 36,000 bits/sec. This is based upon a

single transmittal of the data over a 2 hour period per day.

The resulting minimum payload weights for the several "Orbiter' missions are given in
Table 3,1-3. The disparity is small for the near planets; however, the disparity is large
for the distant planets at even these modest communications rates because of the significant

power requirements,

The minimum payloads combine with the gross Non~EPV gross i)ayload capabilities to de-
fine an operational exchision area as shown in Figures 3,1-7 and 3,1-8, The minimum pay-
load and the total vehicle AV is greater for’the "Orbiter'" missions than for the "Flvhv"
missions and, consequently, the Saturn V booster with all chemical or one nuclear stage is
required for all of the missions,, The all chemical booster is adequate for the minor -planet
missions; however a nuclear rocket stage is required for missions to Jupiter and beyond.
The booster with a nuclear rocket stage is adequate for the Jupiter I and Saturn I missions;
however, all the other orbiter missions, including ’tﬁe low altitude Jupiter and Saturn mis-
sion, and the Uranus, Neptune, and Pluto missions, are beyond the capability of the chemi-

cal plus neclear rocket system,

The Non-EPV gross payloads are related to the equivalent EPV payloads as shown in
Figure 3,1-9., These relationships, can be used to equate the gross Non-EPV payloads
given in Volume 1 to ‘equivalent EPV payloads with the results shown in Figures 3,1-10 and
-3.1~11, These payloads may be compared directly with those given for the electric pro-

pulsion vehicles,
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Table 3.1-3, Minimum Pay

Weight, 15
Communicaﬁons Scientific Guidance & Communication Comrnoni
Planet Power, KWe Instruments Stabilization Antenna Trarsm
Mercury,
Venus, Mars 0.15 3,655 500 350
Jupiter 4,5 3.655 500 350 ¢
Saturn 15 3,655 500 350 21
Uranus 45 3,655 500 350 65
Neptune. ,
I Pluiv 150 3,655 500 350 2,22
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yads for Orbiter Vehicles

e

b

Equivalent
Non-Electric Electric
Propulsion Propulsion
High Vehicle Vehicle
-ation Temp. Power Payload Payload
tHer. Cooling System Structure Weight Weight
)
0 15 50 500 5,100 5,050
5 25 1,900 725 7,220 5,100
> 90 5,200 1,130 11,1590 5,350
5 270 7,200 1,430 14,100 6, 060
) 900 8,900 1,845 18,400 8,500
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EQUIVALENT PAYLOAl FOR ELECTRIC PROPULSION VEHICLE,LBS

104

o
o

DEFINES MINIMUM v(\/\w\_up{,@\;\,ug
USEFUL PAYLOAD »,{4\ '
EAR EACH DI ANFT .

N DR U

AN
MrJUPITER
MERCURY, VENUS, AND MARS

/« N—~NEPTUNE AND PLUTO
/

S)
w

GROSS PAYLOAD FOR NON-ELECTRIC PROPULSION VEHICLE, LBS

Figure 3,1~9, Relation of Gross and Equivalen‘i Payloads for Orbiter Missions
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» INTRGRATION OF MISSION REQUIREMENTS AND POWER SYSTEM CAPABILITIES

b

vniume 1 defines a wide range of applicable missions for electric propulsion vehicles,
However, only a part of that range is atfainable because of the limitations on the minimum

powerplant specific weights that can be provided at the power levels required by the vehi~

cles,

Of the systems compared in Volume 2 (Section 3,8) it is concluded that the Potassium/Ran~
kine Power System is nearest optimum for the NAVIGATOR missions, These powerplants
~ore expected to result in specific weights in the range of 25 to 70 1b/KWe, depending upon
me power level énd the state ofthe technology. The specific weights are given in Figure

3‘ 2"'10

The data on expected specific weights can be combined with the mission fequirements to de-
termine the EPV performance capabilities. This is illustrated as follows with the Jupiter II
Orbiter performance as an example, Figures 6.2-32 and 6, 2-31, Volume 1 are reproduced

ag Figures 3.2-2 and 3.2-3. The specific-weight/power-level relationships shown on

Tiourz 2.0 T ase vrups-puneu on r1gure 3. 2-2, The opergticnal Hinits defined by the "Early"”
and "Improved" technology powerplants are transferred to Figure 3. 2-3 by noting the intercept
of the technology line with the specific weight lines, The two technology lines on Figure 3, 2-3
then define the maximum payload that may be delivered in a given trip time. The area to the
right of each ﬁechnology line defines the operational region of significance. However, all

of this range is not available because of the minimum pa_ylc;ad limitation of 1500 pounds

which is also shown on Figure 3. 2-3,

} addition, for comparison, the equivalent payload for a Saturn V vehicle with a nuclear
récket stage is plotted on Figure 3.2-3, As shown, the payload is only slightly greater
than the estimated minimum that will be required, This complex of relationships is shown
on Figure 3, 2-4 with the extraneous data deleted for clarity and with only the allowahle
operational areas shown. It is clear in the case shown, that the non-electrical propulsion
vehicle is marginal in performance and that electric propulsion will be required to deliver

a useful payload,
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POWERPLANT SPECIFIC WEIGHT, LB/KWE
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SPECIFI(. IMPULSE, SECONDS
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TRIP TIME, Tt (ICOOHR)
Figure 3,2~2, Jupiter II Orbiter Requirements
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The integrated performance curve may be used to detefmme the performance of powerplants
* that are not necessarily optimum for the particular mission (i.e., a powerplant that is not
exactly the power level and specific weight specified for the optimum mission), FEach point
on the optimum performance line represents a discrete power level and specific weight that
can be obtained for each mission from the proper figure in Volume I, If excess payload is -
available, the extra weight can be used as additional powerplant weight, thus allowing a
specific weight greater than the optimum. For example, Figure 3,2~2 shows that a power
level of 440 KW and a specific weight of 25 Ib/KWe provide maximum payldad at 22,000

hour trip time with an improved technology powerplant.

The corrésponding payload from Figure 3,2-3 is 10, 000 pounds and the powerplant weight
is 11, 000 pounds, The payload weight may be decreased and the powerplant weight and

specific weight increased as shown in Table 3,2-1,

Table 3,2-1, Selection of Non~Optimum Powerplants
for Jupiter I Orbiter Mission

P ay].Oad Davrarnlont
) - - < SAlorted tor I - I

Trip Time Power Level - Payload Powerplant Specitic

hrs. KWe 1b. Excessr%,ei " Weight

& 1b/KWe

o 1bo

22,000 440 10, 000 0 25
22,000 440 7,800 2,200 30
22,000 440 5, 600 4,400 35
22,000 440 . 3,400 " 6,600 40
22,000 440 ' 1,200 8,800 45

3.3 COMPARISON OF VEHICLE PROPULSION SYSTEMS

Integrated performance capability curves similar to that described above were prepared.
for each of the NAVIGATOR "Flyby" and "Orbiter" missions defined in Table 3,3-1 with

the results shown in Figures 3,3-1 and 3, 3-2,
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e,

Table 3.3-1, NAVIGATOR Mission Summary

Mission Type

Mission

Terminal Condition

5 (10)6 Miles

Fly-by Solar Probe
Mercury Optimum Fly-By
Asteroid Belt Optimum Fly-By
Jupiter Optimum Fly-By
Saturn Optimum Fly~-By
Uranus .1975 Fly~By
Neptune 1986 Fly-By
Pluto 1986 Fly-By
Out-of~-the-Ecliptic 35 Degreés

Al fbnnn N e ~ man s

R e ]

Venus
Mars
Jupiter I
Jupiter II.
Saturn I
Saturn I
Uranus
Neptune

Pluto

ey WO LV RLTD AL

5,000 Miles Radius
3,000 Miles Radius

1,170,000 Miles Radius

262,000 Miles Radius
760,000 Miles Radius
44,000 Miles Radius
20,000 Miles Radius
20,000 Miles Radius
5,000 Miles Radius
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3.3,1 FLYBY VEHICLE PERFORMANCE (Figure 3,3-1)

The Mercury Flyby can be accomplished with the Saturn IB Booster with either chemical or
nuclear electric propulsion, The power range for the electric systems is generally below
300 KWe and the propulsion time range is below 5000 hours which is well within the capa~
bility of an early nuclear electric power system. However, 1argé payloads can be delivered

in less time by the chemical system,

The Asteroid-Belt Flyby Probe can also be accomplished with the Saturn IB, Either the
"Early" or "Improved" technology power systems are adequate; however, the all chemical

propulsion system is superior.

The Saturn IB is also adequate for the Jupiter mission provided that an electric propulsion
system is used, The payload with the SIB all chemical system is clearly marginal and a
Saturn V is required to surpass the EPV performance, With the‘ large difference in cost

between the S-IB and 8~V, there is a strong incentive to utilize the S-IB with an EPV,

The Saturn Flyby mission is similar to that of Jupiter, The EPV can provide the necessary
payload with a S-IB instead of a 8-V, The Saturn V chemical and Saturn IB EPV perfor-
mance are essentially equivalent, The EPV with the 8-V provides significantly greatér

capability than either the 8~V chemical or S~V Nuclear Rocket propulsion systems,

The All Chemical S-V is not adequate for any mission beybnd Saturn. The S-V Nuclear
Rocket can provide a large payload for the Uranus mission; however, either of the EPV's

will provide significantly superior performance,
The S~V Nuclear Rocket is not adequate for either the Neptunz or Pluto missions; however,

both missions are well within the capability of the nuclear systems. Operating times of

10,000 or 15,000 hours are adequate and power levels are in the range of 100 to 200KW,
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The Saturn IB and V chemical systems are not adequate for the 0.05 a.u. solar probe, al-

though the Saturn V chemical can provide a useful payload at 0.1 a,u. and greater distances,
3,3.2 "ORBITER' VEHICLE PERFORMANCE (Figure 3,3-2)

All of the "Orbiter" missions examined require the use of the Saturn V booster as shown by
Figure 3.3-2, 'fhe Saturn V chemical system can provide payloads of 20, 000 pounds or
more for the Mars and Venus missions and a payload of 10, 000 pounds for the Mercury
mission, Thus, more sophisticated power systems will not be required for the exploration

of any of the inner planets,

The 8-V chemical system can also provide a modest payload of 6,000 pounds for the Jupiter
I Mission; however, the S~V Nuclear Rocket of the electric propulsion system will likely be

required to provide additional payload capability.

For missions beyond Jupiter I, the Saturn V with electric propulsion will be required, The
Jupiter II and Saturn I missions are well within the nuclear electric system capabilities;

however, for Saturn Il and Uranus, the operating time exceeds 20, 000 hours,

The Neptune and Pluto missions will require the use of EPV; however, the mission profile
assumed in these studies (i.e., launch of the EPV fo greater than escape velocity with a
S~V plus additional chemical stages) is such‘that the operating times and trip times are ex~
cessive, Also, the optimum mission vehicle requires less than 100 KWe of power and

specific weights of 50 1b/KWe cannot be attained at that level,
3.3.3 SUMMARY COMPARISON OF PROPULSION SYSTEM PERFORMANCE

The previous comparison of propulsion systems can be summarized as shown in Tables

3.3-2 and 3,3-3, The tables define:
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- Table 3.3-2 Comparison of

PRO

Saturn IB Plus

CATURN IB
Plus

Mission Two Chemical ,
Stages Early Technology Improved Technology
Electric Propulsion Electric Propulsion
Vehicle Vehicle
Trip Trip Pro- Trip P
Payload | Time ||Payload| Time pulsion || Payload Time pul
Lbs Hrs Lbs Hrs |Time Hrs Lbs Hrs Tim
Mercury [5,000 2,050]|| 5,000 4,600 4,200 5,000 2,600 1,
Asteroid ’
Belt [5,000 3,500{|| 5,000 | 11,600 9,200 5,000 6,050 3,
Jupiter 2,200 | 16,000 ,[5,000 16, 000 11,300] ]5,000 6,
Saturn ///// 7,000 | 30,000 | 21,500 || [7,000 12,
/| N7 7077 177 /7 /
Uranus // A VA A A |V A AN /// A A :]/i / //// 2
Neptune: / / / PROPULSION SYSTEMS /
& Pluto / INADEQUATE
U
Solar Probe ¢ /
5 x 106 mile / /
/ ) /




lsion Systems for Navigator Flybyi Missions

[ON SYSTEMS

\

GREATER THAN REQUIRED

AN

AN

\

SATURN V
Saturn V Plus Plus One or Two Chemical Stages
Saturn V Plus One Chemical AND
Two Chemical and
Stages One Nuclear Early Technology Improved Technology
Rocket Stage Electric Propulsion Electric Propulsion
Vehicle Vehicle
- Trip Trip Trip Pro- Trip Pro-
Payload | Time Payload Time || Payload | Time | pulsion ||Payload| Time | pulsion
Jbs Hrs Lbs Hrs Lbs Hrs [TimeHrs| Lbs Hrs |{TimeHrs
| AN
PROPULSION SYSTEMS

N\

14, 000

2
o

A nnnil
Ty Uv

/

Not Available

7,000 114,000 10,0004 7,000 {11,000 {10,000
17,000 193 000 1 1h s;ﬂ-n TLU00 118, UUU 1 1D, UuU |
[7,000 35, 000 15,000‘ 7,000 {26,000 | 15,000
5,100 2,500 2,000 10,800 | 2,500 | 2,000
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¢ The general range of missions in which a particular propulsion system will find

application,

e The range in which the systems either exceed or do not meet the minimum payload

requirements, and
@ The propulsion gystem that is nearest opﬁimum for the mission,

The systems are compared for discrete missions at either equivalent payload or equivalent
trip time, The optimum propulsion system is selected, based upon consideration of pay-
load, booster cost, and system capability. Generalb , the Saturn IB or V boosters with
additional chemical stages are selected to the limit of their capability. Subsntutmn of either
‘nuelear rocket or electric propulsion vehicles for the 3rd and 4th chemical stages on the
S-V will involve additional cost and, therefore, will likely be delayed for missions in which

the all chemical system cannot deliver the minimum required payload,

LG IVITLUULY, ADUVGLVUIU 1DGLL, aug uu.pu.c;:. x Lyuy WLID® VLD QLT buxuyax cu (.L avic U O] av

payloads of 5,000 pounds. The SIB with added chemical stages is adequate for the Mercury
and Asteroid Missions as indicihted, The Jupiter mission can be accomplished with electric

propulsion with the saving of cost between a 8~V and a S-IB,

The Saturn through Pluto Flyby Missions are com(pared_at a payload of 7,000 pounds, As in
the case of the Jupiter Mission, the Saturn mission can be accomplished with the S-IB with
electric propﬁlsion whereas, the chemical or nuelear rocket upper stages will require the

5-V.

For Uranus, Neptune, and Pluto the electric propulsion system is required and if provides
a significantly-lower trip time. It is important that the Jupiter, Uranus, Nepturn and Pluto
missions can utilize the "early'' technology powerplant, thus allowing the orderij develop~
ment of the "improved" technology powerplant concurrent with the accomplishment of useful

missions,
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The Mars, Venus, and Mercury "Orbiter' Missions are compared at a payload of 10,000
pounds (Table 3.3-3). The Saturn V chemical pro;ﬁiﬂsion system is adequate for all three

missions,

The Jupiter I Mission requires either the S-V chemical or Nuclear Rocket, The Nuclear

Rocket upper stage will deliver the same payload in a lower trip time (6500 hours less),

The Jupiter II mission is. beyond the capability of the S-V chemical and either Nuclear Roc-
ket or electric propulsion is required. The Nuclear Rocket provides a significantly lower
trip time; hoWever, Figure 3.3-2 indicated that 5, 600 pounds is the maximum payload that
can be delivered, | This ié near minimal and, therefore, the electric propulsion vehicle will -

likely be required.

The electric propulsion vehicle provides greater payload for the Saturn I mission and is
required for all missions beyond the Saturn I Orbiter,

— ~ A~ L N S T -

D A e S AR . S S JRNPOU. [, JERY ) SR JENON 75 S % J R SIU. S
-aus.cb u.u L4 QLI Ug s R ta J.uk.avwwu ML A MRS AN, g Y a Wveane e .

tails omitted to emphasize the correlation of mission and propulsion system, The tables
show that:

e The S-IB with added chemical stages is clearly adequate for 2 Flyby missions
(Mercury and Asteroid Belt),

e The S-V with added chemical stages is clearly adequate for 3 Orbiter missions

(Mars, Venus, Mercury) and possibly the Jupiter I mission, It is not superior for

any of the flyby missions,

¢ The 8~V with a nuclear rocket stage is not required for any of the Flyby missions,

but has possible applications in two of the Orbiter Missions,
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Tab.e 3,3-4 Comparisbn of Propuls

PROPULS

Saturn IB Plus

Szturn IB

Plus

MISSION Two Chemical .
Stages Early Technology Improved Technology
Electric Propulsion Electric Propulsion
Vehicle Vehicle -
Mercury [ ]
Astereoid L/-/““<]
Belf
-~ v.. . r _—/'v"ﬂ"‘ MA M——’
Y up LT [ e SIS B § I DRSNSt B

Saturn
Uranus

Neptine
& Pluto

Solar Probe
5% 105 mile

N

M

ROPULSIONS SYSTEMS
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Tabie 3.3-4 Comparison of Propulsion Systems for Navigator IFlyby Missions

PROPULSION SYSTEMS

Saturn IB
Plus

Saturn V Plus
Two Chemical
Stages

Saturn V Plus
One Chemical
and
One Nuclear

gusmly Technology Improved Technology Earl:
1o Zic Propulsion Electric Propulsion Rocket Stage Flectric
Vehicle Vehicle ' Ty
PROPT
GREATE?

LA

———————

2z

<

NN

ROPULSIONS SYSTEMS ’

N




. .1-ms for Navigator Flyby Missions

saturn V Plus
Two Chemical
Stages

Saturn V Plus
One Chemical
and
One Nuclear
Rocket Stage

and

Saturn V
Plus One or Two Chemical Stages

Early Techunology
Electrical Propulsion
Vehicle

Iraproved Techndlogy
Electric Propulsion
Vehicle

.

X

-

Y

"y

PROPULSION SYSTEMS

o

L

GREATER THAN REQUIRED

!

SELECTED PROPULSION

SYSTEMS
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e The electric propulsion system is clearly superior for 5 Flyby missions (Jupiter,
Saturn, Uranus, Neptune, and Pluto) and for 3 Orbiter missions (Saturn I, Saturn II,
and Uranus) with possible application for the Jupiter II Orbiter Mission, All but 2 of
the electric propulsion missions can be accomplished by the "Early" technology

powerplant.

e An alternate propulsion profile will be required for the more distant outer planet
Orbiter Missions, A S-V booster with Nuclear Rocket and electric propulsion vehi-

cle upper stages may deliver the necessary payload (10,000 pounds) in a reasonable

trip time (30, 000 hours).



4., PERFORMANCE IMPROVEMENT POTENTIAL
FOR ELECTRIC PROPULSION VEHICLES

The Mavigator mission performance capabilities presented in the preceding section are the
result of a superposition of the powerplant technology characteristics obtained from Vol-
ume 2 upon the mission performance results of Volume 1, The Volume 1 data is obtained
from a double optimization process for tﬁe identification of the optimum combinations of
power rating, specific impulse, and initial stage velocity to achieve maximum payload at
constant trip time and powerplant specific weight, These data are based upon the use of an
initial chemical rocket propulsion phase to achieve stage velocities up to 40,000 fps and
up‘én the use of a single continuous electrical propulsion period - before the heliocentric

coast for the fly-by missions and after the coast for the orbiters,

The following sections will indicate the potential for obtaining improved mission performance
as a result of a selection of alternate analytical techniques or mission ground riles. These
improvements are of sufficient magnitude to warrant more detailed investigations in each of

LY en o
tIGSE alCGade

4,1 OPTIMIZATION PROCESS

i

The payload-power variation for those missions which are compatible with the improved
technology powerplants are illustrated in Figure 4,1~1. Included are the resulting charac-
teristics of the Asteroid, Jupiter, Saturn, and Uranus fly-by missions and the Mercury,
Jupiter I and II, and Saturn I orbiter missions. The remaining missions are omitted be~
cause of excessive power requirements (Venus and Mars orbiters) or excessive powerplant
weights (Uranus, ' Neptune, and Pluto orbiters). It is apparent that each of the missions
shown can be performed with an improved technology powerplant of the order of 260 to

300 KW with the exception of the Saturn I and Mercury orbiters, The Saturn I orbiter mis-
sion was, therefore, selected to illustrate the effects of operation at non~optimum power

levels and the consequences of revising the basic optimization process,
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Figure 4, 1-2 illustrates the resulting Saturn I orbiter performance for an initial stage velo-
~ city of 25,000 fps with the improved level of powerplant technology. The trip time variation
with power level is shown for a series of constant payload lines, Optimum operation occurs
at the minimum trip time point of each payload line and represents the results of an opti-
mization at a constant technology level. The comparable line of optimum operation obtained
from the constant specific weight optimization is included as a reference, Note that the
constant technology line involves a substantial increase in optimum power requirements in
conjunction with some reduction in trip time requirements at constant payload, It is ap-. -~
parent, however, that considerable latitude is available in power level selection with only
minor trip time penalty at most payload levels, Additional freedom of choice is available
through variation of the initial stage velocxty which has not been included in this n1ves’c1ga—
tion, It can be concluded, therefore, that the constant technology optxmlzatlon process

should be utilized in subsequent investigations,

4, 2 MISSION PROFILE

The mission profiles examined in this study involve an initial high thrust acceleration with

L] T 1 T . 1 L. 1 3. SPURE D TR Ry [ UG I SR P | Fema LI A
LAV LA L LA L, AN AN :J.LVLJLA—LUJ-VJ--L AL ALA LU DJJJ.J.&J.V UVLLUMI.JLVMU Nt Ko Nt R A Mt N P e vrl DB NS AR P Wk s wmgy D e e v

of the fly-by missions, the electrical propulsion period occurs immediately after chemical
propulsion and is followed by a heliocentric coast period which lasts until the planetary fly-
by occurs. The orbiter missions, on the other hand, do not initiate electrical propulsion
until after the heliocentric coast period is completed, This approach in which no electrical
propulsion is required before the coast period eliminates the need foij either a shutdown-
restart capability or for extended operation at idle power for the orbiter missions. Instead,

a remote powerplant start-up after an extended soaking period is required,

An alternative is the use of an optimum coast mission profile in which the electrical pro~
pulsion operation is divided into two discrete periods, one preceding and one following the
heliocentric coast period, This approach provides comparable or shorter orbiter trip

times with reduced initial chemical stage velocities which, in turn, result in larger nuclear-

electric spacecraft initial weights, The large initial weights permit the use of higher power
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Figure 4.1-2. Saturn I Orbiter Performance with Improved Technology Powerplants
and Initial Stage Velocity of 25,000 fps
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1evelsAof lower specific weights. Figure 4, 2-1 illustrates typical performance capabilities
for the Uranus, Neptune, and Pluto orbiter missions for a 300 KW improved technology
powerplént and a 21,000 fps initial stage velocity. This is the lowest stage velocity that can
be used with the SaturnV booster and still permit earth orbital test flights with the Saturn 1B,
Payload is constant at 6000 lbs. The data illustfates the trade—off between propulsion and
trip time. The dotted line represents comparable performance with a single propulsion
period at a powerplant specific weight of 30 1bs/KW which corresponds to the improved tech-
nology specific weight at 300 KW, However, the power levels associated with the single
propulsion period operation are substantially below 300 KW and, therefore, represent a
more advanced level of powerplant technology, The optimum coast approach permits trip
time reductions of the order of 30 to 40% at constant payload and propulsion time require-

ments to the level of 12,000 to 14, 000 hours with no sacrifice in either payload or trip time,

The data represent an arbitrary selection of power level and initial stage velocity, Further
improvements may be available by more detailed investigations designed to optimize the
choice of these parameters for either minimum trip time, minimum propulsion time, or
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4,3 NUCLEAR ROCKET BOOST"

The preceding performance data is based upon the use of three and four stage Saturn V
booster configurations with LOX~LH used in the upper stages, A substantial increase in
booster payload capabilities can be obtained in the 20,000 to 40, 000 fps stage velocity regime
by the use of a huclear rocket of the Nerva type for the third stage in place of chemi-

cal propulsion,

Figure 4, 3~1 summarizes the performance capabilities of' the Saturn 5 -~ Nuclear Rocket

for the Uranus, Neptune, and Pluto orbiter missions, These data were obtained from the
continuous propulsion ~ constant powerplant specific weigh’c optimization results of Volume 1
by scaling the power and payload characteristics at constant trip time and stage velocity,

The scaling factors, in general, exceed 2:1 in the 20,000 to 40,000 fps regime,
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resulting increase in power requirements pei'mits matching both the early and the improved
powerplant technology characteristics with the requirements for the above missions as il~-
lustrated in Figure 4, 3-1, This approach results in substantial payload improvements with

respect to the nominal Uranus, Neptune, and Pluto orbiter performance given in Volume 1.
Additional performance gains should be available for the above missions by combining the
nuclear rocket approach with the optimum coast mission profile of Section 4, 2 and with the

constant technology optimization process of Section 4, 1,

4,4 HIGH THRUST ORIENTATION

The orientation of the initial high thrust acceleration with r-espeof to the sun will have a
significant effect on the low acceleration propulsion requifements for the Navigator mis~
sions investigated, Recent analytical studies performed under Contract No. NAS 8-11423
(Study of Low Acceleration Space Transportation Systems) have succeeded in identifying the
criteria for achieving the optimum orientation., The results of these studies were used to
compare the optimum propulsion requirements with those used in the previous and present
Mavigator studies, I is apparont from theoc
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improvement may be available in the Navigator missions of interest.

Figure 4,4~1 summarizes the variation in the propulsion parameter:

J= faz dt (1)

with trip time for a series of optimum power limited (variable thrust) Earth-Mars trajec-
tories, The top curve is the base point for low acceleration transfer with no initial high
thrust acceleration from a circular Earth orbit to an assumed circular Mars orbit ahout

the sun, These data are obtained by satisfying the transversality equation:

M=U#& + a 22 L B =0 @)
r r
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at each end of the heliocentric transfer trajectory. This equation is valid for the case where
the boundary orbit (initial ox terminal) is either a circle or an ellipse and the boundary

state variables are related by the conventional elliptical equations:

U= E_LI\?EP_.‘L_ (3)
2
H .
- 4
R="am (L+ecosv 4)

The previous Navigator studies (Reference 1) were based upon the assumption 4’chat equa-—
tion (2) could be used to obtain trajectories with a specified initial hyperbolic excess velo~

city if equations (3) and (4) were replaced at the initial point by:
U=V, cosa (5)

H= /RGM + RV sin o (6)
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defines the orientation of the hyperbolic excess velocity vector with respect to the local
radial direction, The resulting data are illustrated in Figure 4,4~1.

The tangential data shown in Figure 4.4-1 were obtained from Reference 2, These data are

based upon the use of the following assumption:
a= 90° ()

in place of equation (2). Equations (5) and (6) are maintained at the initial point and equa~-

tons (2), (3), and (4) at the terminal point,

The present Navigator studies (Volume 1) employ the one-~dimensional correlation technique
«{ Reference 4 to correct the zero velocity data for the hyperbolic excess velocity, This

~¥proach produces the following correction equation:

PN
-
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The optimum data is obtained from a re-formulation of the calculus of variation problem with
the initial boundary state constrained by equations (5) and (6). This approach leads to the

revised transversality equation:

2
M==Uair+ar G;VI - H4 -1/2Ua,o ~C—*—I;—/I+=o (9)
R R R

The optimum data is then generated by a series of trajectory calculations using equations (5),
(6), and (9) at the initial boundary state and equations (2), (3), and (4) at the terminal boun-
dary state. An empirical correlation of the difference between the optimum data and the
phase 2 data indicate a variation of the form: -

3
th

2" % 1.5
By

(10)
wheon RM ig a funetion of trin time and hvnerhntic velhmqr and 1S orf the nmér o1 'I-U O ¥3
million miles, Although additional trajectory calculations will be required to obtain the
optimum data for the Navigatof missions, there would appear fo be the feasibility of sub-
stantial reductions in low acceleration propulsion reqﬁirements for the high hyperbolic

velocity case of interest,
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5. CONCLUSIONS

This section presents a brief summary of the principal conclusions of this study. The

pertinent sections from which these conclusions are derived are also given,

e The comparison of up-rated SNAP-8, Brayton Cycle and Potassium/Rankine
Power Systems shows that within the technology limits specified for this study,
the Potassium/Rankine Power System is nearest optimum for the Navigator

Missions (Volume 2, Section 3. 8).

e It appears possible to provide power system shut-down and re-start capability and
to provide several kilowatts of electrical power during the coast period without

significant penalty on power system weight (Volume 2, Sections 4.1, 4,2 and 4.3).

e The use of variable specific impulse can increase electric propulsion vehicle pay-
load capability by 10 to 15% for some missions. Additional investigatioﬁ is
required to determine whether the performance advantage is sufficient to off-set
the svetem complexitiss roguired to provide varialle specilic impulse operation

(Volume 1, Section7),

® The all chemical propulsion system will likely be adequate for the Mercury and
Asteroid Belt Flyby missions and for the Mars, Venus, Mercury and Jupiter I

"Orbiter" missions, (Volume 3, Section 3.3).

e The electric propulsion system will provide superior performance, will save the
cost between the S~V and S-IB booster, or will be required for the Jupiter I,
Saturn I, Saturn II, and Uranus Orbiter missions and for the Jupiter, Saturn,

Uranus, Neptune, and Pluto Flyby missions (Volume 3, Section 3, 3).

~®  An electric propulsion system that utilizes an early technology power system can
competitively accomplish Flyby missions out to Pluto and Orbiter Missions out to

Saturn. The early technology electric propulsion system can, therefore, be used

5-1



to accomplish useful missions with concurrent development of improved systems

for the extremely difficult planetary missions (Volume 3, Section 3.3),

further examination is required to evaluate the improvement in electric propul~
sion vehicle performance from:

- the use of two optimum electric propulsion periods after the vehicle is
launched beyond escape by the multistage S-v,
- the selection of the optimum orientation of the high chemical thrust

imparted fo the vehicle.

the use of a nuclear rocket stage in conjunction with the electric

propulsion vehicle (Volume 3, Section 4),

Payload optimization studies at a constant powerplant technology level are more

meaningful and useful than optimizations at constant powerplant specific weight
(Volume 3, Section 4),
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6. NOMENCLATURE

Low thrust acceleration, miles/hrz.

Initial low thrust acceleration, miles/hrz.
Coefficient of specific power equation, kw/lb thrust.

Coefficient of specific power equation, kw sec/lb thrust,

Astronomical unit, solar distance divided by the mean distance of the Earth
from the Sun.

Constant thrust-optimum coast, low acceleration heliocentric frajectory
optimized to minimize J with constant thrust operation. Results in intermediate
coast period.

Declination, celestial lattitude measured with respect to the ecliptic plane,

Ecliptic plane, the plane of the Earth's orbit about the Sun.

Fly-by trajectory, one which matches position but not velocity with target
planet.

VA
Sea level graviitatoual acceleration, (Y,U1Y miles/hr ,
. s 4 . 3 2
Universal gravitational constant, 9.40382 (10) miles” /b hr",
Geocentric, central body motion with the Earth as the center of the force field,
Heliocentric, central body motion with the Sun as the center of the force field,
High thrust, acceleration involving thrust weight ratios greater than (10)_1..

Hyperbolic excess velocity, the geocentric or planetary residual velocity at
infinite distance from the center of the force field.

Inclination angle, the angle between an orbit piane and the eclipti¢ plane,
Inclination angle change generated by high thrust,
Inclination angle change generated by low thrust,

Thruster specific impulse, 1b thrust/lb per second fuel, seconds,
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. . 2
Low acceleration propulsion parameter, miles” / hr3

.

Characteristic length, measure of low acceleration propulsion PO e e s,
miles, '

Minimum characteristic length, miles,
Characteristic length parameter extrapolated to zero trip time, miles,

L . . . L3
Low thrust, acceleration involving thrust weight ratios less than (10) °,

on
- Mass of the Earth, 1.3177 (10)" " Ib,

Mass of the target planet,

30
Mass of the Sun, 4.3894 (10) ~ 1b,
Vector normal to orbital plane,

Optimum variable specific impulse, low acceleration heliocentrid trajectory
optimized to minimize J at constant power. Results in large (40:1) specific

UL DR
ATTICT TLUL G v,

Orbital period, the period of revolution of an orbit,

Orbital plane, the plane defined by the instantaneous radius and velocity vectors
with respect to the central body, .

Orbiter trajectory, one which matches both position and velocity with the target
planet and which can be converted to a low altitude planetary orbit with additiona.
propulsion,

Power rating, kw,
Radius of orbit with respect to Earth, miles.
Radius of orbit with respect to target planet, miles.

Perihelion, the point on a heliocentric orbit which is closest to the Sun.

Planetary, central body motion with the target planet as the center of the force

field.

Quasi-circular, an orbit approximation in which the actual velocity is assumed to
be identical with the circular orbital velocity,




Radius vecfor with respect to the Sun_, miles,

Radius of the Earth's orbit with respect to the Sun, miles,
Radius with respect to the Earth, miles.

Radius of the target plan=t with réspect to the Sun, miles,
Radius with respect to the target planet, miles,

The equivalent of infinite radius at which the Earth or planet no longer has any
effect on the orbit,

Time, hr,

Coast time, hr,

Heliocentric trip time, hr,

Trin time at which characterisi:ié length minimizes . hr.

Low acceleration propulsion time, hr,

Heliocentric propulsion time, hr;

Planetocentric propulsion_time, hr,

Total trip time, hrn,

Thr‘ust, ib.

Two point boundary problem, problem involving a number of constraints at the

initial and terminal ends of a trajectory which must be solved iteratively to
satisfy the terminal conditions.

One dimensional velocity obtained by integrating acceleration in field free space
or heliocentric velocity vector.

Velocity of the Earth with respect to the Sun, mph.
Hyperbolic excess velocity with respect to the Earth, mph.
Hyperbolic excess velocity with respect to the target planet, mph.

Thruster jet velocity, mph.



v Initial orbital velocity with respect to Earth, mph,

o

V0 Initial one dimensional velocity and equal to Vhl"

v t Terminal orbit velocity with respect to planet, mph

V2 One dimensional velocity at coast, mph,

V3 Terminal one dimensional velocity and equal to th .

AV Low thrust characteristic velocity and equal to g Isp l1ny, mph,

AVC1 Constant low thrust heliocentric characteristic velocity, mph ,

AV Geocentric AV requirement for achieving parabolic escape fr'om initial circular
g orbit at 300 miles, mph.

AVh Heliocentric characteristic velocity requirement, mph,
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